Abstract. We have identified through differential gene expression polymerase chain reaction that porcine calcitonin receptor expression levels could be altered in porcine leukocytes in response to Actinobacillus pleuropneumoniae (App) challenge. This study further investigates the effects of mild pleuropneumonia and changes in environmental temperature, singularly and in combination, on leukocyte expression levels of the calcitonin receptor in domestic pigs. Forty entire male pigs were allocated by weight and temperament at a starting liveweight of 33 ± 5 kg to 4 treatments: control (22 • C room temperature); A. pleuropneumoniae challenge (Day 1); varied temperature (15 • C for 8 h on Days 0, 1, and 2; 30 • C for 24 h on Day 6); and the combined A. pleuropneumoniae challenge and varied temperature treatment. The analysis of the leukocyte expression levels of calcitonin receptor using semi-quantitative reverse transcription PCR revealed that calcitonin receptor was up-regulated in response to the A. pleuropneumoniae challenge (P < 0.001) and the temperature treatment (P < 0.001). In addition, up-regulation of the calcitonin receptor correlated with decreased weight gain, feed intake, and plasma IGF-I. Thus, expression levels of the calcitonin receptor reflect changes in growth performance associated with alteration in ambient temperature and App challenge. In addition, this study indicates that calcitonin receptor expression represents a mechanism through which endocrine and immune systems interact to affect growth.
Introduction
The immune and neuroendocrine systems are closely integrated to optimise defence systems against environmental factors perceived by an animal to be a threat. The interactions between these systems can act to depress food intake, reduce protein, and increase lipid deposition in response to stress challenges (Johnson 1997) . This is a result of a shift in the partitioning of dietary nutrients away from skeletal muscle accretion towards metabolic responses that support the immune system. Presumably, this allows an animal to vary its biological response away from full growth to the limits of mere survival. However, the precise way in which the neural, endocrine, and immune systems interact in response to stress stimuli to affect the growth axis is not yet understood.
Pigs in commercial production systems encounter stress factors that are detrimental to growth performance as reflected by reduced growth and efficiency of feed use (Black et al. 1994; Gonyou and Stricklin 1998) . The main factors contributing to the reduced performance of commercially housed pigs, such as disease and suboptimal environmental conditions, have been reviewed by Black et al. (2001) .
Several researchers have reported that changing ambient air temperature away from the thermoneutral zone towards high and low temperatures reduces feed intake and weight gain (Rafai and Fodor 1980; Lopez et al. 1991; de Braganca et al. 1998; Hyun et al. 1998; Collin et al. 2001; Whittemore et al. 2001) . Similarly, Actinobacillus pleuropneumoniae (App) is a microbial agent that may contribute to reduced growth and feed intake (Wallgren et al. 1999) . Pigs in a commercial environment are often subjected to any number of concurrent stress factors, which may result in an additive decrease in growth performance as the demand for nutrients and energy for essential physiological processes increases in an incremental manner (Hyun et al. 1998 ).
In addition to stress factors having a detrimental effect on growth gradients, they also stimulate both the endocrine and immune systems through the release of their respective hormones and cytokines (Johnson 1997; Besedovsky and del Rey 2000) . Pigs infected with App have markedly increased levels of the pro-inflammatory cytokines in the lungs (Baarsch et al. 1995) . Furthermore, direct activation of the immune system through immunological stress can stimulate the release of pro-inflammatory cytokines from the immune cells and other tissues, which causes an increase in the production of stress-associated hormones such as adrenocorticotrophin and catecholamines (Johnson 1997) .
We applied differential display, polymerase chain reaction (PCR) methodology to identify porcine leukocyte genes that are regulated in response to an App infection. We found that App challenge altered the expression of the receptor for the Ca 2+ channelling hormone, calcitonin. As an increase in intracellular free Ca 2+ is an important event in T-lymphocyte activation (Gelfand et al. 1988; Gouy et al. 1990) , it is possible that the activation state of circulating leukocytes may provide an indicator of the stress status of growing production animals. Consequently, primers for the calcitonin receptor (CTR) were designed for a semi-quantitative reverse transcription PCR assay. Previous work (Kerr et al. 2003) indicated that growth performance and plasma IGF-I concentrations are depressed in response to changes in environmental temperature and mild pleuropneumonia in domestic pigs. Here we investigate the effects of these treatments on peripheral leukocyte CTR expression levels in the same pigs used by Kerr et al. (2003) and report a relationship between CTR expression levels and growth.
Materials and methods

Differential display-PCR (DD-PCR)
Male pigs (Landrace × Large White, Westmill Piggery, Young, NSW, Australia, approx. liveweight 35 kg) housed in groups of 10 were challenged with a single strain of serovar 1 (HS54, kindly supplied by P. Blackall, Queensland DPI), 2.1 × 10 5 /mL, 3 mL into the trachea. Blood samples from each pig were collected by venipuncture 7 days post-infection. The leukocyte cells from the infected and control animals were transferred to tubes containing denaturing solution (4 M guanidinium isothiocyanate, ICN; 0.02 M sodium citrate, Sigma; and 0.5% N-lauroyl-sarcosine, Sigma) and stored at -80
• C. RNA was extracted using a modification of the Micro RNA Isolation Kit (Stratagene, La Jolla, CA). The RNA was resuspended in 10-20 µL of sterile water and stored at -80
• C. RNA integrity was checked by agarose formaldehyde gel electrophoresis.
The comparison of the control animal leukocytes with the Appchallenged leukocytes was performed as follows. Total RNA was reverse-transcribed into full-length cDNA as outlined in the SMART PCR cDNA Synthesis kit (Clontech), according to the protocol (titled 'subtraction') of the supplier. The integrity of the cDNAs was checked on a 1.2% agarose gel. The concentrations of the 2 cDNAs were then checked and matched using a spectrophotometer (Genequant, Pharmacia). Synthesised cDNAs (0.14 µg) were amplified in a 20-µL reaction volume containing the following reagents: BSA (34.4 µg), TrisHCl (10 mM, pH 8.3), KCl (10 mM), AmpliTaq DNA Polymerase (Perkin Elmer) (3.2 U), Deep Vent DNA Polymerase (New England Biolabs) (0.6 U), TaqStart Antibody (Clontech) (5.0 µg), dNTP (5 mM), MgCl 2 (2.5 mM), upstream 5 -ATTAACCCTCACTAAA-arbitrary-3 primer (1 µM), and downstream 5 -CATTATGCTGAGTGATATC-(T) 9 VN-3 primer (where N and V is any deoxynucleoside except thymine) (primers were obtained from the Delta RNA Fingerpriniting Kit, Clontech) (1 µM); overlaid with 50 µL of paraffin oil; using previously described cycling parameters (Buess et al. 1997) in the MJ Research Inc. PTC-100 thermocycler. Water blanks and a dilution (1/100) of the original RNA solutions were also assayed to control for potential contamination, including genomic DNA. Reactions were stored at -20
• C for analysis. The amplified cDNAs (10 µL) were then separated on a 7.4% polyacrylamide gel (PAGE) in 0.5 × TAE buffer (electrophoresed at 100 V for 3 h) and gene fragments were visualised by staining the gel with ethidium bromide. The DD-PCR gene expression profiles were then digitally photographed (Kodak Digital Science) and using 1-D image analysis software (Kodak Digital Science), the genes were then analysed, in terms of net intensity of the gene fragment (gel band), for differential expression. Differentially expressed genes were then excised from the wet gel for re-amplification. Gene fragments were removed from the gel by eluting the gel in 40 µL of buffer containing Tricine (10 mM, pH 9.5) and EDTA (0.2 mM), overlayed with 50 µL of paraffin oil and heated at 100
• C for 5 min in the above thermocycler. Excised gene fragments were purified using a QiaexII gel extraction kit (Qiagen) conforming to the supplier's protocol. The yield was checked on the spectrophotometer and if less than 100-200 ηg, gene fragments were further amplified (as described above). Gene fragments (approx. 100-200 ηg) were then sequenced using the previously mentioned up-and downstream primers using the Applied Biosystems 373A Sequencing system. The gene sequences were then analysed using bioinformatic software (Australian National Genomic Information Service) that scanned the GenBank (Benson et al. 1997 ) data bank for sequence similarities. One of the up-regulated sequences was found to be porcine CTR.
Animal experiment details
The details of the pig experiment are described elsewhere (Kerr et al. 2003) . A blood sample (15 mL) was collected from each pig at the start (09 30 hours) of Days 0, 1, 2, 3, 6, and 7 into tubes containing 150 µL of 15% EDTA. The blood was then centrifuged (453G for 15 min at 4
• C) and 2 mL of plasma removed and stored at -20 • C, and mixed leukocytes were transferred to tubes containing denaturing solution and stored at -80
• C. Measurements included liveweight, feed intake, skin temperature, respiration rate, and clinical signs of disease. All of the aforementioned physiological measurements and plasma cortisol and IGF-I concentrations are detailed elsewhere (Kerr et al. 2003) .
Analysis of CTR gene expression
The RNA was extracted from mixed leukocytes using the method outlined above. RNA (2 µg) was reverse-transcribed using MMuLV reverse transcriptase (Advanced Biotechnologies) commensurate with the manufacturer's intersections. Complementary DNA was quantified on a spectrophotometer (GeneQuant, Pharmacia Biotech, Cambridge, UK) and an aliquot diluted to 0.35 µg/µL for analysis of gene expression by semi-quantitative PCR. All RNA was amplified using the GAPDH primers known to amplify genomic DNA (i.e. span introns) to ensure that there was no contaminating genomic DNA. All cDNA was stored at -20
• C. The PCR primers were designed using a combination of information above, identified from the DD-PCR, and known sequences in GenBank (Benson et al. 1997) , using the program 'Prime' from WebANGIS GCG software. Table 1 illustrates each primer sequence and optimal conditions for PCR. Primers for porcine glyceraldehyde phosphate dehydrogenase (GAPDH) and porcine CTR were synthesised by Sigma Genosys (Sigma). • C for 30 s; followed by 95
• C for 30 s, annealing for 30 s, and 72
• C for 1 min). This 30-30-60 cycle was repeated for 30 and 32 cycles for CTR and GAPDH, respectively. On the final cycle, a 3-min extension completed the amplification. PCR product (10 µL) was loaded onto a 2.5% agarose/TAE gel containing 0.7 ng/mL ethidium bromide (Sigma) and digitally captured as mentioned above. PCR cycle parameters for each gene were optimised and validated to ensure that the measurement of expression products was quantified in the linear phase of amplification (linear curves CTR PCR R 2 = 0.99, GAPDH PCR R 2 = 0.95). Evaluating a series of annealing temperatures, and cycle numbers for the aforementioned Mastermix, did this validation.
The CTR PCR amplicon described in Table 1 was sequenced to confirm its identity as CTR. First the amplicon was cloned (TA Cloning Kit with TOP10F' competent cells; Invitrogen), according to the manufacturer's instructions. Plasmid DNA (500 ng) was then extracted using the Wizard Miniprep (Promega) and amplicon inserts sequenced using universal T7 primer (Stratagene). The resulting sequence was compared against the GenBank sequence database.
Data analysis
The GAPDH expression levels were used as a reference gene, and the relative CTR expression was calculated as a percentage of CTR/GAPDH. Due to the large range in data the corrected CTR expression levels were then log (base-10 logarithm)-transformed and then SAS version 8.2 (Statistical Analysis Systems) software was used for the analysis of variance of the transformed CTR expression levels to test for the effects of App and ambient temperature, day, App and ambient temperature interaction, and 'pig' within App and ambient temperature. This information is presented in the results section as the untransformed data to demonstrate the breadth of the data. Pearson product moment correlation coefficient was used to measure the degree of linear relationship between the untransformed CTR levels and the physiological parameters measured previously by Kerr et al. (2003) . For this purpose, the CTR levels were summed for each pig to give a mean score for each treatment and compared with the plasma cortisol and IGF-I concentrations described previously (Kerr et al. 2003) .
Results
Measurement of CTR gene expression using RT-PCR
The products of the PCR primers designed for CTR were of the expected size (Fig. 1) . The sequenced CTR amplicon aligned 99% and 98% to 2 GenBank sequences for the porcine CTR (primary accession numbers Z31356 and M74420, respectively).
The gene expression profiles for the GAPDH corrected untransformed CTR expression levels are shown in Fig. 2 . There were 3-way interactions between all effects (day, temperature, and App) that were tested on CTR expression levels (P < 0.001). There was also an effect of day (P < 0.001) and 2-way interactions (App and ambient temperature) for CTR expression levels (P < 0.05). Overall, the App challenge and the temperature treatment had up-regulated CTR expression levels (P < 0.001).
Low levels of CTR were expressed in 17.5% of pigs at the first time point (Day 0) and CTR was not expressed in the sham-inoculated (control) pigs. CTR was up-regulated (P < 0.001) in response to the App challenge on Days 1-7. The low ambient temperature (15 • C) treatment upregulated CTR expression on Days 1 and 2 (P < 0.01, 0.001, respectively) and the high ambient temperature (30 • C) up-regulated CTR expression on Days 5, 6, and 7 (P < 0.001, respectively) in the Group 3 pigs. A comparison of the treatment expression levels in Fig. 2 illustrates that CTR up-regulation was less for the change in temperature compared with the App challenge. The combined App plus temperature treatment (Group 4) (P < 0.001) up-regulated CTR expression on Days 2 and 5 in response to the low temperature and App challenge, and on Day 7 in response to the high temperature treatment and any residual App effects. Thus, CTR expression levels are up-regulated in response to the individual and combined effects of change in ambient temperature and the App challenge.
The correlations for all the pigs between the CTR expression levels and other parameters measured previously (Kerr et al. 2003) are shown in Table 2 . There was a negative correlation (−0.406, P < 0.01) between total CTR expression and liveweight gain over the period Table 2 . Correlations between CTR expression levels (GAPDH-corrected) and weight gain, feed intake, and skin temperature for each day and for the sum of the experiment of the experiment. A negative correlation (-0.405, P = 0.001) occurred between total CTR expression level and total feed intake for the duration of the study. This was due mainly to negative correlations (-0.467, P = 0.002; -0.337, P = 0.035; -0.484, P = 0.002) for Days 2, 5, and 6 between CTR expression levels and feed intake. Furthermore, CTR expression levels were positively correlated with the feed to gain ratio (correlations from 0.473, P = 0.002). Thus, increasing CTR expression levels reflected poor growth performance as measured by decreased weight gain and feed intake and increased feed to gain ratio. Skin temperature was also positively correlated (0.362, P = 0.026; 0.342, P = 0.045) on Days 6 and 7 with CTR expression. CTR expression level was negatively correlated (P < 0.05) for most days (Days 1, 2, 5, 6) with plasma IGF-I concentrations. Plasma cortisol concentrations, temperament (vocalisation), respiration rate, lung score, or clinical score were not significantly correlated with CTR expression levels.
Discussion
This study focussed on CTR expression levels in peripheral immune cells. It has been shown that stressors such as high ambient temperature can cause a decrease in lymphocyte proliferation and phagocytosing neutrophils in pigs (Knowles et al. 1997 ). As mentioned above, Ca 2+ influx is necessary for the T-lymphocyte proliferation. For example, the uptake of Ca 2+ from the extracellular milieu is essential for human T-lymphocytes to proliferate (Gelfand et al. 1988 ) and a sustained, long-lasting Ca 2+ entry can be observed in response to stimulation of the T-cell receptor-CD 3 complex (Gouy et al. 1990) . Therefore, Ca 2+ influx is essential for the functioning immune response. As a consequence, we speculate that a potential relationship may exist between CTR and immunosuppression. Alternate RNA processing in calcitonin gene transcripts generates mRNAs encoding for either the hormone calcitonin (CT) or sensory neurotransmitter calcitonin-related peptide (CGRP) (Amara et al. 1982) . Thus, CTR expression levels may reflect both CT and CGRP changes. If this possible association between CTR and both CT and CGRP were proven (e.g. receptor binding assay), it would be significant. This is because CT is capable of regulating Ca 2+ levels in immune cells (Aida et al. 1995) and there is increasing evidence that suggests that CGRP plays a role in regulating the cellular immune response (Wang et al. 1994; Levite 2000) . Overall, these findings may further indicate that a potential relationship may exist between CTR and the immune system.
The finding that CTR expression levels are up-regulated in response to App challenge and changes in ambient temperature may be a result of the release of proinflammatory cytokines. It has been shown that proinflammatory cytokines, such as IL-1, IL-8, IL-6, and TNFα, are increased in pigs infected with App (Baarsch et al. 1995) and in response to high ambient temperature stress (Knowles et al. 1997) . Furthermore, neuropeptides, such as CGRP, can influence cytokine production by lymphocytes (Kawamura et al. 1998) . For example, it has also been demonstrated (Tang et al. 1998 ) that endotoxaemia induced by lipopolysaccharide, mimicking acute bacterial challenge, can induce the release of IL-6 that is potentiated by CGRP in mouse macrophages.
Previous studies have shown that the neuropeptide somatostatin can suppress the Ca 2+ -stimulated calcitonin secretion (Scherubl et al. 1992) , and exogenous calcitonin (CT) has been shown to reduce feed intake in animals (reviewed by Bray 2000) . Since somatostatin is known to regulate growth hormone production, we speculate that CTR expression is closely associated with feed intake and the growth axis. Also, in the current study, IGF-I results inversely reflect the CTR expression levels. This would be because the treatments induced a reduction in circulating IGF-I concentration (Kerr et al. 2003) . This was most likely due to the reduced feed take resulting in an uncoupling of the IGF-I/GH axis, resulting in decreased plasma IGF-I and increased GH. If so, this may further indicate a mechanistic relationship between CTR levels and the growth/endocrine axis.
The App challenge had caused a significant rise in plasma cortisol 24 h post-challenge, followed by return to pre-challenge levels by 48 h, then 4 days post-challenge (Day 5) the plasma cortisol concentrations were significantly reduced (Kerr et al. 1999) . Dexamethasone, a synthetic glucocorticoid, has been shown at a high dose to up-regulate T-cell receptor/CD 3+ -induced calcium concentration response by membrane-mediated mechanisms in human T-cells (Nambiar et al. 2001) . However, in the current study, there was no relationship indicated between plasma cortisol and CTR levels. Consequently, this study suggests that there is no relationship between CTR and events that occur along the HPA axis. It has been demonstrated that stress challenges such as cold-induced thermogenesis in piglets are modulated by energy intake as a function of catecholamine and thyroid hormones (Herpin et al. 1995) . Also, high ambient temperature can up-regulate the tyrosine phosphorylation of the β 2 -adrenergic receptor (i.e. catecholamine levels) in pigs (Keys 2001) . Consequently, the effect of the challenges in this study may have predominantly occurred through stimulation of the sympatho-adrenal axis and not the HPA axis. Thus, it would be worthwhile investigating the relationship between catecholamine and CTR levels. This paper explores the effect of an App disease challenge and temperature stress on the expression of the calcitonin receptor gene in pigs. We have shown that CTR is upregulated in response to these individual and combined stress challenges of ambient temperature and subclinical App infection. In addition, the recorded CTR up-regulation was correlated with decreased growth performance as determined by weight gain and feed intake. CTR expression levels were significantly negatively correlated with feed intake, weight gain, and plasma IGF-I concentration and positively correlated with the feed to gain ratio. assistance during the pig experiment, Dr Pat Blackall for supplying the App serovar, and Dr Anthony Reverter for his statistical assistance. Also, we thank our collaborators: Pharmacia Upjohn, QAF Meat Industries, Dr A. Knowles, Dr P. Wynn, and Dr D. Strom.
